Introduction
The knowledge of transient heat transfer and temperature distribution in the work-piece, during welding is of considerable practical importance, since these two entities dictate the amount of distortion, residual stresses and metallurgical structure in the weldment.
The thermal history (particularly the heating and cooling rate, peak temperature, cooling time from 800 to 500°C) determines the microstructure and mechanical properties of the weldment. Rosenthal 1, 2) in late 1930's and early 1940's analyzed the pattern of heat conduction in a metal piece for a moving heat source. The solutions obtained by him are widely used even today. But these solutions fail to predict the temperature in the regions of the work-piece where the temperature is more than 20 % of the melting point of the work-piece. 3) This is due to some of the assumptions made in deriving the solutions. The major assumptions made were: 1. A point heat source. 2. No heat of fusion and no melting. 3. No surface heat loss due to convection or radiation. 4 . Temperature independent thermal properties.
Meyers et al. 4) have discussed the effects of these assumptions on the accuracy of the temperature distribution obtained from Rosenthal's model. Several investigators have attempted to modify Rosenthal's model. The modifications attempted include, for example, temperature dependent thermal properties of work-piece material, 5, 6) surface heat loss, 7) heat of fusion 8) and finite size of the heat source. 9) Due to complex nature of the problem, the modified analytical models had limited success. So, the interest shifted to numerical methods. Extensive amount of work has been done on modeling of welding heat sources using Gaussian distribution. Pavelic 10) first proposed a Gaussian distribute heat source for modeling the heat flux distribution on the surface of the work-piece. Kurtz and Segerlind, 11) Friedman 12) used Pavelic's model together with FEM analysis and achieved better temperature distribution in the fusion and heat affected zone. A non-axisymmetric, three-dimensional heat source model is developed by Goldak et al.
3)
The prediction of width, central penetration, heat affected zone and cooling time are superior to that obtained by surface models.
In the last twenty years, thermal analysis of the weld pool with transient fluid flow and arc physics have received serious attention. The effects of forces such as buoyancy force, Lorentz force, shear stress induces by surface tension gradient, shear stress induced by plasma jet, droplet impact force on the weld pool convection, pool shape have been studied and numerical models developed. [13] [14] [15] [16] [17] Instead of a complex dynamic model simplified static models have also been developed to model gravity and arc pressure on the weld pool surface deformation. [18] [19] [20] [21] However, data required for these models are difficult to acquire experimentally and the conservation equations of mass, momentum and energy are difficult to solve. The large number of independent pulse variables and the complex weld pool and arc interaction makes the modeling of Pulse MIG process very difficult.
In this study, single ellipsoid model of the heat source, a general form of Goldak (Received on March 5, 2007 ; accepted on July 24, 2007 ) A new heat source model for pulse MIG welding is developed which enables estimation of weld bead width and central penetration obtained with industrially pure Argon, Argonϩ5 %, 25 % CO 2 . The heat source model takes into account effects of various pulse current parameters such as pulse peak time, base time and mean current. Finite difference method with explicit time stepping technique is used to solve the two dimension Fourier's equation on non-uniform meshes generated by K-Method. Enthalpy method is used along with Kirchhoff variable transformation to solve the moving boundary problem. Relationship between enthalpy and temperature is used to include non-linear thermal properties of the material. The computed values of weld bead width and central penetration are within 8 % and 5 % of the experimental values respectively.
the weld bead parameters obtained with pure Argon and Argon-CO 2 mixtures. The weld beads usually have large width and deep central penetration. Hence, the need to develop a new heat source model. The model should also take into account some of the pulse current parameters.
Heat transfer problem associated with phase change generated lot of interest. A number of different methods are developed for tackling the phase change phenomenon. Of them, some of the prominent methods are apparent heat capacity method, 22, 23) effective capacity method, 24) isothermal migration method 25) and enthalpy method.
26-30)

Mathematical Formulation
The 
.(4)
The modified temperature and enthalpy concepts were used by Sarjant and Slack 26) and Westby 27) for solving moving boundary problems.
To develop the finite difference model of welding, the following assumptions are made: 1. Heat flow in the welding direction is neglected. It is assumed that the speed of the arc is high compared to the diffusion rate of heat in work-piece so that the amount of heat conducted ahead of the arc is relatively small compared to the total heat input. Anderson 32) has stated that the heat flow in the direction of moving electrode is not large, expect in the immediate vicinity of the electrode. As a consequence of this assumption ∂ 2 T/∂Z 2 is dropped from Eq. (4). Due to the assumption made above, the model is simplified to two dimensional one and because of symmetry only one half of the plane perpendicular to the welding direction is required to be analyzed, as shown in Fig. 1.  2 . A small solidification range of 3.96°C is assumed to safeguard against oscillations of temperatures at the moving boundary. 3. All properties of the material except density are considered temperature dependant. 4. Weld pool size is determined by the location of solidus line. This procedure is adopted by Sharir et al. 30) and Kurtz and Segerlind. 11) 5. Heat transfer in the liquid pool is enhanced due to stirring action of the arc. To take care of this effect, an effective thermal conductivity of the liquid is defined. Such an approach is used by a number of researchers. (6) Where, X1 and X2 denote the fraction of the arc energy used by the two ellipsoids.
For modeling the heat source for pulse MIG welding with industrially pure Argon (Ar) and Arϩ5%, 25 % CO 2 the following relationships are assumed. A1ϭC1ϭA2ϭC2ϭa ·W/2 B1ϭB2ϭP X1ϭ0.0, X2ϭ1.0. The relationships between j (real temperature in °C) and T (modified temperature) developed by Westby 27) are based on the data published by BISRA 34) for 0.23 % Carbon steel. The same relationships are used for the present work except a few relationships are added. One based on melting range of 3.96°C and the others based on enhanced thermal conductivity of the liquid steel. Figure 1 shows the half plane (ABCD) that is analyzed. Surface BC is considered insulated. AB and AD surfaces are open to atmosphere and heat loss due to both convection and radiation are taken into account. During the time the arc is plying on the top surface, the portion of the boundary under the arc is assumed insulated from atmosphere. Heat loss due to radiation and convection take place from the remainder of the top surface.
Boundary Conditions
The Eq. (4) along with boundary conditions are solved using central finite difference technique together with explicit /Euler's time marching scheme on a non-uniform grid system. K-METHOD 35) is used for generating variable grid. In this method a grid is set up with a gradual change in grid spacing by using a relationship: Using the above relationships finite difference equations are generated. In Table 1 the values of K M and DX| jϭ1 for plates of different thickness are given. Table 2 gives the position of the nodes for the different plate thickness. 
Results and Discussion
The welding conditions are recorded in Table 3 . For run. nos. 1-11, solid filler wire of 1.2 mm diameter is used. For run no. 12 Flux cored wire of diameter 1.6 mm is used. Figures 4-6 depicts the effect of effective thermal conductivities K eff ϭ0.3, K eff ϭ0.4 and K eff ϭ0.3_0.077548 on penetration profile of the weld beads obtained for run. no 1, 11, 12 of Table 3 . As K eff changes from 0.3 to 0.4 the penetration profile becomes flatter as observed in Figs. 4 and 5. In most of the cases K eff ϭ0.3_0.077548 generated penetration profiles closer to the experimental ones. In other words, if K eff is reduced linearly from 0.3 at the temperature 1 486.67°C to 0.077548 at the temperature 1 600°C and kept constant at 0.077548 thereafter then better fits are obtained.
For pulse MIG welding with commercially pure Argon or Argonϩ5% CO 2 as shielding gas, the calculated profile does not show the wine glass profile obtained from experiments (Fig. 4) . For all other cases the calculated penetration profiles are quite close to experimentally obtained profiles.
The predictions of weld bead width and central penetration for all the cases considered are within 5 % and 8 % of the experimental values respectively. From the results given in Tables 4-6 , it is observed that Table 3 . Fig. 5 . Penetration profile for run no. 11 of Table 3 . Fig. 6 . Penetration profile for run no. 12 of Table 3 .
a, b depend on the composition of shielding gas and K eff as given in Table 7 . It is observed bՆ0.06 has little influence on weld penetration. But bϽ0.06 strongly influences the depth of penetration. By manipulating b it is possible to model the deep penetration obtained in case of Ar, Arϩ5, 25 % CO 2 shielded pulse MIG welding process.
Conclusions
(1) A new heat source model is developed for pulse MIG welding process that takes into account various pulse current parameters, such as mean current, pulse peak time and base time.
(2) The model is quite versatile because by changing two parameters a, b deep penetration and large bead width obtained in case of Ar, Arϩ5, 25% CO 2 shielded pulse MIG welding process can be obtained easily.
(3) The predictions of weld bead width and central penetration for all the cases considered are within 5 % and 8% of the experimental values respectively. For pulse MIG welding with commercially pure Argon or Argonϩ5% CO 2 as shielding gas, the calculated profile does not show the wine glass profile obtained experimentally. For all other cases the calculated penetration profiles are quite close to experimental profiles. 
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